We introduced a multistep screening method to identify the genes in plants using microarrays and ribonucleic acid (RNA)-seq transcriptome data. Our method describes the process for identifying genes using the salt-tolerance response pathways of the potato (Solanum tuberosum) plant. Gene expression was analyzed using microarrays and RNA-seq experiments that examined three potato lines (high, intermediate, and low salt tolerance) under conditions of salt stress. We screened the orthologous genes and pathway genes involved in salinity-related biosynthetic pathways, and identified nine potato genes that were candidates for salinity-tolerance pathways. The nine genes were selected to characterize their phylogenetic reconstruction with homologous genes of Arabidopsis thaliana, and a Circos diagram was generated to understand the relationships among the selected genes. The involvement of the selected genes in salt-tolerance pathways was verified by reverse transcription polymerase chain reaction analysis. One candidate potato gene was selected for physiological validation by generating dehydration-responsive element-binding 1 (DREB1)-overexpressing transgenic potato plants. The DREB1 overexpression lines exhibited increased salt tolerance and plant growth when compared to that of the control. Although the nine genes identified by our multistep screening method require further characterization and validation, this study demonstrates the power of our screening strategy after the initial identification of genes using microarrays and RNA-seq experiments.
Introduction
Plants are continuously exposed to abiotic stresses that negatively affect their growth. Plants can adapt to these stresses at the molecular, cellular, and physiological levels. In many agriculturally important plants, salt stress negatively affects germination, root development, and biomass production, which results in significant yield losses. 1 The salt-stress signaling can be divided into three functional categories: ionic and osmotic stress signaling for the reestablishment of cellular homeostasis; detoxification signaling to repair stress damages; and signaling to coordinate cell division. 2 Potato (Solanum tuberosum L.) is moderately salt-sensitive to moderately salt-tolerant crops; growth and yield are considerably affected by salt stress. 3 In potato growth metabolism, the signaling pathway pointed to the importance of the plant hormone, abscisic acid; the calcium sensor, calcineurin B-like 1; potassium homeostasis; MYB; dehydration response element binding factor (DREB); members of the ethylene response factor/APETALA2 (AP2)
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chang-Kug Kim 1 transcription factor family, and various genes in salt-stress responses that lead to environmental protection. 4, 5 Under conditions of high salinity, these factors may affect plant productivity via three main negative effects, including water deficit, ionic (ie, Na + , K + , H + , and Ca
2+
) toxicity, and other nutrient imbalances. 6 Hence, an excellent potato variety with resistance or tolerance to salt stress is required for the steady development of the potato industry. Current work on plant salt tolerance aims to identify the putative genes involved in the salt-tolerance response through a transcriptomic approach, followed by a targeted metabolite analysis. Gene expression profiling using microarrays of potatoes under several abiotic stresses, and transcriptomic approaches followed by targeted metabolite analysis, have been performed to investigate the pathways involved in salinity tolerance, as well as in carbohydrate and amino acid metabolism. 7, 8 Molecular tools, such as genome-wide mapping, microarrays, transcriptome profiling, and proteomic techniques, have been used to generate salt-tolerant cultivars of different crops. 9 A recent study performed an analysis of the potato transcriptome under abiotic stress conditions using microarrays. 10 More recent work performed expression profiling of the potato genome under abiotic stress using Illumina ribonucleic acid (RNA)-seq transcriptome data.
11
With respect to the relationship of RNA-seq and microarrays, Pearson's and Spearman's correlation coefficients of both datasets each exceeded 0.80, highlighting a 66%∼68% overlap of genes; 12 RNA-seq provides better estimates of absolute transcript levels using standard microarray and RNA-seq protocols. 13 Using the combination of microarray and RNA-seq methods, disease-related genes were efficiently identified. 14 Many studies have elucidated the mechanisms involved in salt stress using salt-stress-resistant mutants 15 and transformed potatoes. 16 These studies have provided specific information about salt tolerance. However, salt tolerance is a complex trait that involves numerous genes and products that function in salinity-resistant signaling pathways. Thus, it is necessary to apply high-throughput technologies to identify the genes involved in salt-responsive biosynthesis. 17, 18 In this study, we identified candidate genes for the regulation of salt-tolerance pathways in potatoes using a multistep screening method with the 56 K potato microarray and Illumina RNA-seq transcriptome data for potatoes. Using reverse transcription polymerase chain reaction (RT-PCR) and transgenic potatoes, the identified genes were examined for their effects on growth in a high-salinity environment.
Materials and Methods
We performed a three-step method to identify the potato genes involved in salt-tolerance pathways (Fig. 1) . In step 1, we compared gene expression levels among three potato lines that displayed high, intermediate, and low salt tolerance by performing microarray and RNA-seq analyses on plants under conditions of salt stress. In step 2, we identified the candidate genes by combining the orthologous and biological pathways. A phylogenetic analysis and Circos diagram were calculated using the candidate genes. In step 3, we verified and validated the final selected genes by performing RT-PCR and generating transgenic dehydration-responsive element-binding 1 (DREB1)-overexpressing potato lines.
Potato plants and salt treatments. We screened 50 transgenic potato (S. tuberosum L.) lines that were previously generated for drought resistance and salt tolerance. These potato lines were transformed in the Sumi potato cultivar using the AtbZIP17 transcription factor, which was activated in response to salt stress in Arabidopsis. 19 During the first step, we analyzed the salt tolerance phenotypes of the mutant lines. Plants were grown in a greenhouse with standard cultivation, and they were watered every 3 days with 150 mM of an NaCl solution. We selected two mutant lines designated as SU-109 and SU-14, which showed higher and lower salt tolerance, respectively, compared to that of the control wildtype Sumi cultivar. These three potato lines shared a similar genetic background, but they exhibited different salt-tolerance phenotypes. Therefore, these lines were utilized for further studies to compare gene expression in response to salt-stress treatment.
treatment and rNA extraction. The two mutant lines and the Sumi cultivar were grown for 2 months in individual pots in a greenhouse, and salt treatment was conducted using the protocol defined by Evers et al. 11 To extract RNA, we cut the youngest leaves on each plant at 0 hours, 6 hours, and 12 hours after salt treatment, froze the harvested leaf samples in liquid nitrogen, ground them to a powder with a mortar and pestle, and stored the samples in liquid nitrogen until further use. Total RNA was extracted from the leaf tissues using the RNeasy plant mini-kit (Qiagen, Inc., Valencia, CA, USA), and quantified using a Nanodrop ND-1000spectrophotome-ter (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Microarray experiments. We used 56 K potato microarray to perform a total of nine experiments (without replication) that compared gene expression among the two mutant lines and the control cultivar at three time points. The potato 56 K microarray was manufactured by Roche NimbleGen. 20 The microarray was designed from 43,553 coding sequences of PGSC version 2.1.10 pseudomolecules, which were based on version 3 of the genome assembly (Potato Genome Sequencing Consortium Public Data Release). 21 Genes reflecting alternative splice sites were designed to represent the exons. In total, the 56 K microarray was designed to include 56,647 predicted genes with 125,924 probes. We scanned the microarray for Cy3 signals with the Genepix 4000B Scanner (Molecular Instruments, LLC, Sunnyvale, CA, USA), and digitized the signals using Nimblescan (Roche NimbleGen, Inc., Madison, WI, USA).
rNA-seq transcriptome experiments. To compare the microarray experiments, we performed nine RNA-seq experiments using different potato leaf samples that were harvested under the same conditions as the microarray experiment. A comparison of the gene expression data generated by the microarray and RNA-seq experiments can increase the confidence in the experimental results. In the RNA-seq experiments, total RNA was isolated from the plant tissues using the GeneAll HybridR + kit (GeneAll Biotechnology Co., Ltd., Seoul, Korea), and messenger RNA was purified using the Illumina TruSeq RNA sample preparation kit (Illumina, Inc., San Diego, CA, USA) following the manufacturer's instructions. Library construction was performed using the general protocol, 22 and sequencing and assembly were performed using the Illumina Hi-Seq 1000 platform (Hayward, CA, USA). To perform quality-control checks on the raw sequence data, we used the FastQC program. 23 Useful transcripts were predicted using CLC Assembly Cell 3.2 (CLC Bio, Aarhus, Denmark) and the Trinity software package. 24 The parameters of the assembly process used default values, with the exception of essential options (ie, minimum length of contig, and length of paired fragment). Trinity is a novel method that is used for the efficient reconstruction of the transcriptome from RNA-seq data. 25 Transcript expression was tested using the Bowtie mapping program 26 with a false discovery rate of 5%, as described previously.
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Multiple-bioinformatics analysis. We performed a gene ontology enrichment analysis with GoMiner (National Cancer Institute, Bethesda, MD, USA). 28 This analysis first categorizes each gene according to its gene ontology (GO) function and mode of expression, and it then attempts to identify false discoveries with one-sided Fisher's exact tests (P , 0.05). To identify a network of enriched categories, we conducted a hyper-geometric test that included the calculation of the false discovery rate. 29 In the ortholog analysis, we classified the genes identified by comparing them to those in the eukaryotic National Center for Biotechnology Information (NCBI)/Clusters of Orthologous Groups (COGs) database. 30 We classified the differentially expressed potato genes into functional categories based on all-against-all Basic Local Alignment Search Tool (BLAST) searches of complete proteomes with an e-value cutoff of #1.0 e-20 using the NCBI/ COGs database.
To identify the interaction network pathways for salt tolerance, we utilized the gene expression data that represented potential interactions between expressed genes and the salt-tolerance pathways. We used MedScan Reader TM 5.0 (Ariadne Genomics, Inc., Rockville, MD, USA) to extract information from the published literature about the known genes and regulatory interactions involved in salt-tolerance response pathways. We performed an enriched pathways analysis and Fisher's exact test to determine the most significant network responses using Pathway Studio software 9.0 (Ariadne Genomics, Inc.). To identify significant genes, we used a threshold with an absolute value of two, and calculated the P-values (P # 0.05 for statistical significance) with Fisher's exact tests using the Pathway Studio software.
For the phylogenetic analysis, amino acid sequences of the candidate genes involved in salt-tolerance pathways were aligned with the ClustalW method using the slow-accurate options in DNASTAR Lasergene ® version 8.1 (DNASTAR, Inc., Madison, WI, USA). 31 The aligned sequences were trimmed at both ends to eliminate regions of poor alignment. The phylogenetic trees were constructed using the maximum likelihood algorithm in Molecular Evolutionary Genetics Analysis version 5 (MEGA5). 32 The phylogeny of tree nodes was tested using the bootstrap method with 1,000 replicates. The Circos software was used to identify gene similarities from comparisons of genomes 33 and relationships among homologous genes in the genomes. 34, 35 The Circos diagrams were constructed via a similarity index using Circos software version 0.64 (Circos, Vancouver, BC, Canada). 36 The similarity index was calculated using the mega-alignment function of the DNASTAR software, as follows:
(1)
reverse transcription-polymerase chain reaction analysis (rt-Pcr). The RT-PCR reactions used 5 µg of RNA from each sample to synthesize complementary deoxyribonucleic acid (DNA) (cDNA) with the RNA to cDNA EcoDry Premix Oligo dT kit (Takara Bio, Inc., Otsu, Shiga, Japan). Then, we performed PCR using the synthesized cDNA and 10 pmol of each primer under the following conditions: 94 °C for 5 minutes; 25 cycles of 94 °C for 30 seconds, 56 °C for 1 minute; 72 °C for 1 minute; and a 10-minute extension at 72 °C. After the standard PCR of 35 cycles, the resulting PCR products (5 µL each) were analyzed using electrophoresis and ethidium bromide staining. To measure the relative expression level of each target gene, reference RNA (Actin) is used as a normalized template amount in each PCR reaction (Table S1) .
Production of the transgenic potato. To perform validation of the selected DREB1 gene, first-strand cDNA for amplification was prepared using the Sprint TM RT CompleteOligo(dT) kit according to the manufacturer's instructions (Clontech Laboratories, Inc.; Takara Bio, Inc.). The plasmid for the DREB1 gene construct used the pCaMV35S promoter. 37 The pCaMV35S::DREB1 binary vector structure is shown in Figure 2 . We transformed a Sumi potato cultivar using the previously published protocol for the Agrobacterium-mediated transformation, selection, and regeneration of soybean. 38 The transgenic potato lines were tested for the expression of DREB1 using RT-PCR. The growth phenotypes of the transgenic potato lines with high levels of DREB1 expression were tested under two different environments, including treatment with 250 mM NaCl for 2 weeks using in vitro culture, 39 and watering with 150 mM of NaCl every 3 days for 3 weeks in a greenhouse.
results and discussion
Gene expression analysis using microarrays and rNA-seq experiments (step 1). We performed a total of nine microarray experiments that analyzed three potato lines at three time points of salt treatment (0 hours, 6 hours, and 12 hours). The potato lines were selected from a salt-tolerance screen of 50 mutant lines generated from the Sumi cultivar. The SU-109 mutant displayed higher salt tolerance than that of the Sumi cultivar, whereas the SU-14 mutant displayed lower salt tolerance than that of the Sumi cultivar. We examined the signal intensity values for a total of 56,647 unigenes from the potato microarrays, and compared the relative expression levels in the three cultivars. We screened 6,820 genes to identify those with at least a 2.0-fold difference in expression level among the 56,647 unigenes. In the RNA-seq experiments, we obtained a total of 320,078,806 reads with 48 Gbp of nucleotides using Illumina/Solexa pair-end sequencing (Table S2) . In order to compare the expression profiling among samples without a point of reference, we assembled a dataset that merged all RNA-seq experiments sequence reads. In addition, we verified the expression difference, upon which each sample is mapped, using total assembled transcripts (contigs). We assembled 195,372 transcripts using a dataset that was merged with nine RNA-seq experiment sequence reads; following that, transcript expression was tested. The mapping percentage of the total reads is shown in Table S2 .
We obtained 7,530 different genes (P # 0.05) that were identified using the fragments per kilobase of exon per million fragments mapped values in each treatment. Comparisons between the genes that were identified using RNA-seq and those identified using microarrays resulted in the identification of 5,416 common genes. The RNA-seq data validated approximately 72% of the regulated genes identified by the microarray gene expression data. Thus, our gene expression analysis screening procedure selected a total of 5,416 candidate genes for further analysis of potential involvement in salttolerance biosynthesis and/or metabolism in potato.
Gene identification using bioinformatics analyses (step 2). Ortholog and ontology analyses. To identify conserved orthologous genes, we performed GO and COG analyses using the 5,416 candidate genes. The GO enrichment analysis screened 2,962 genes with one-sided Fisher's exact test and the hypergeometric test. We screened the genes that were likely related to salt tolerance functions based on the presence of salinity-related categories; we then identified the poorly characterized group as possibly exhibiting abiotic stressrelated functions, because these 5,416 candidate genes were assumed to include a variety of function categories.
For the COG analysis, we placed a total of 1,528 genes into functional categories, which were used to base all-againstall BLAST searches for each of the three experimental time points (0 hours, 6 hours, and 12 hours), and 133 COG genes (8.7%) were placed into multiple categories. We performed GO and COG analyses and screened a total of 1,273 orthologous genes to compare the ortholog similarities and to categorize the conserved genes.
Pathway analysis. To identify genes related to specific salttolerance pathways among the 5,416 differentially expressed genes, we performed an enriched-pathways analysis using the Pathway Studio software. First, we used published evidence in the literature to acquire a total of 653 genes that were candidates for involvement in salt-tolerance pathways. Second, we used Fisher's exact test to determine the most significant network responses, and found 42 interconnected genes that were linked to specific salt-tolerance pathways. Finally, we used these genes to construct an interconnected network. The constructed network of salt-tolerance pathways revealed the two main processes characteristically involved in salinity responses and salt metabolism, including water channels/water transport and cell death (Fig. 3) .
The Na + /H + antiporters are commonly present as integral membrane proteins in the plasma membrane. The Na + and K + transporters can direct movement out of the cell, or luminal movement into the vacuoles and intracellular organelles. 40 This activity contributes to control the pH value, while maintaining ion homeostasis in the cells. 5 The functional class network (Fig. 3, depicted with orange octagons) shared by NaCl pathways and salinity-response pathways showed that NaCl pathways contain the H + -transporting adenosine triphosphatase and the Na + /H + antiporter, whereas salinity-response pathways contain the Na + transporter. Expression of the MYB-type transcription factors in salinity-related processes or salt-stress pathways were reported, in which R2R3-type MYB genes play a diverse role in plant development and response to salt stress in potato. 41 These results illustrate the functional diversity of proteins that may be activated during salt-tolerance responses.
Selection of candidate genes involved in salt tolerance. To screen the final candidate genes, we compared the 653 pathway-network genes and the 1,273 ortholog-ontology genes. We found nine potential candidate genes that were differentially expressed between the high, intermediate, and low salinity-tolerance potato lines at two time points (6 hours and 12 hours) with respect to the baseline levels observed at the 0-hour time point (before treatment). The nine selected genes encoded the following putative proteins: plasma membrane intrinsic protein 1; osmotin-like protein; aquaporin-like protein; dehydration-responsive family protein; thaumatin-like protein; DREB1; and three unknown proteins. The potato ST_23752 gene (the Arabidopsis thaliana homolog is AT4G11650) is well-known in the salt-stress pathway as an osmotin-like protein, and ST_11949 (the A. thaliana homolog is AT4G25480) is a DREB1 transcription factor that responds to low-temperature and abiotic stress according to the Arabidopsis Information Resource. 42 The potato ST_03756 gene (the A. thaliana homolog is AT4G00430) is linked to water channel activity (GO:0015250) according to the European Bioinformatics Institute. 43 However, the other genes identified by our multistep screen were not well-known in salt-stress or salinity-response pathways. This may be because many of the previously identified genes are not expressed continuously during the treatment times that we examined (up to 12 hours after the start of salt stress), but they are strongly expressed at only one time point.
Phylogenetic analysis with the Circos diagram. A phylogenetic analysis was performed to identify relationships among the nine selected genes and the 42 known genes involved in the salinity-response pathways. To reveal the phylogenic relationships using the well-known genes, we detected 31 homologous genes in the A. thaliana genome using 42 sequences for genes involved in salinity-related pathways. Using the nine selected genes and the 31 homologous genes, phylogenetic analysis was performed based on the maximum likelihood method.
The phylogenetic tree indicates that the genes fall into one of four subgroups, which are designated as group 1, group 2, group 3, and group 4 (Fig. 4) . A composite tree indicates that there are homologous relationships between the genes of the potato and A. thaliana, and all selected candidate genes were clustered into one of the four subgroups. Group 2 contains one candidate gene that was verified by our RT-PCR analysis among the nine selected genes, and group 3 contains three candidate genes.
The Circos diagram shows the chromosomal positions of the well-known A. thaliana and potato genes that were figure 4. Phylogenetic relationships among nine selected genes identified in potato and homologous genes expressed in Arabidopsis thaliana. four of the selected potato genes were verified by RT-PCR (marked with a red square), and the other five selected potato genes were generated using the maximum likelihood method of the MEGA5 program (marked with a green square). The phylogenetic tree was generated with 1,000 bootstrap repetitions; bootstrap values (greater than 50%) are given at the nodes.
identified by our analysis (Fig. 5) . To facilitate the interpretation of the Circos diagram, we presented the pairwise chromosomal relationships among the 31 homologous genes and the nine potato genes on the chromosomes of A. thaliana (At1−At5) and the identified groups of potato. The potato groups contained the nine identified candidate genes including DREB1. The DREB1 gene partly shows the shared ancestral origin of the Arabidopsis and potato genomes as CBF4/ AP2/GAPC2. The trehalose-phosphate synthase 5 (TPS5) gene on At4 represents TPS7/8/10/11. Taken together, these results suggest that the nine selected genes do not share extensive similarities with the previously characterized and well-known homologous genes involved in the salinity-related pathways.
Gene verification and validation using rt-Pcr and transgenic potato (step 3). To verify the nine candidate genes identified by our analyses, we performed RT-PCR on the RNA samples using different potato leaf samples that were harvested under the same conditions as the microarray and RNA-seq experiments at five different time points (0 hours, 3 hours, 6 hours, 12 hours, and 24 hours). Four genes were upregulated in the SU-109 mutant (high salinity tolerance), whereas they were downregulated in the SU-14 mutant (low salinity tolerance) when compared to the levels of expression in cultivar Sumi (intermediate salinity tolerance) during all of the treatment stages tested (Fig. 6) . We assume that these four selected genes are specifically involved in salttolerance responses because the SU-109 mutant has the same genetic background and exhibits greater salt tolerance than the control cultivar Sumi.
We selected the verified DREB1 gene that was isolated by our screening method for further validation by using it to generate transgenic potato lines. DREB1 was previously reported to play an important role in increasing stress tolerance in Arabidopsis, 44 tobacco, 45 wheat and barley, 46 rice, 47 and potato. 48 To validate the function of DREB1 identified by our screening method, we overexpressed DREB1 driven by the CaMV35S promoter in the Sumi cultivar, and analyzed ten transgenic lines for the expression of DREB1 and the response to salt stress. We selected five mutant lines (M-18, M-19, M-21, M-28, and M-60) that displayed high levels of DREB1 expression based on RT-PCR (Fig. 7) . Then, we monitored growth under salt-stress conditions using the five DREB1 overexpression lines and the wildtype Sumi cultivar. Differences were observed in the growth similarity between the amino acids occupying a particular position; however, the domain analysis showed results where two genes have been assumed to be part of the same family of genes at the protein level. Therefore, we have collected the family genes in the rice and Arabidopsis genome database, and we performed the BLAST search with selected family genes. The result indicated the different structured genes between two genes, although the two genes have the similarity relationship at the protein level. (Table S3) . Four of the genes isolated by our screen were verified by RT-PCR and genetic transformation methods, and they were involved in specific salinity-responsive pathways. Five genes were not verified by RT-PCR. We assume that these genes either play regulatory roles in salinity resistance, or they are involved in salt-stress signaling during metabolite biosynthesis. Although there is no direct evidence linking the potato DREB1 gene function to salt tolerance, our results with transgenic DREB1 overexpression lines suggest that this gene plays a role in the regulation of salt tolerance. The genes identified in our screen require additional validation to further confirm our microarray and RNA-seq experimental strategy. Our study demonstrates the potential of multistep bioinformatics screening combined with microarray and RNA-seq transcriptome data to isolate genes involved in complex biosynthetic networks and pathways.
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between the transgenic overexpression mutants and the wild-type plant. Plants were exposed to 250 mM of NaCl for 2 weeks during in vitro culture (Fig. 8A) , or 150 mM of NaCl for 3 weeks in a greenhouse (Fig. 8B) . The results showed that all transgenic DREB1 overexpression lines had greater salinity tolerance and increased growth compared to that of wild-type plants for both salt-stress treatment conditions. Thus, transgenic potato lines overexpressing DREB1 were successfully generated using Agrobacterium-mediated transformation. This result validates our screening method that was used to identify the genes involved in salt-tolerance pathways in potato. This study developed a novel, multistep screen that successfully identified candidate genes that may be involved in salinity-tolerance pathways in potatoes. We generated transgenic lines overexpressing DREB1, one of the verified genes isolated by our screen. The transgenic DREB1-overexpression potato lines exhibited increased salt tolerance compared to that of wild-type controls, and they could possibly lead to tolerance to multiple stresses in potato plants. Therefore, we registered the potato DREB1 gene in NCBI/GenBank (HM641796.1). 49 We compared our isolated DREB1 gene and StDREB1 gene (NCBI/GenBank: JN125862.1), which increases tolerance to salt in potato plants, as reported by Bouaziz et al. 48 Two genes (HM641796.1 and JN125862.1) have sequence lengths of 960 and 657, individually. In proteins, sequence alignments show the different degrees of
